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ABSTRACT 
Prel  iminary estimates of r a d i a t i o n  exposures r e s u l t i n g  from ga lac t i c  
cosmic rays are presented for  in te rp lanetary  missions. The ca lcu la t ions  use 
the Naval Research Laboratory cosmic ray spectrum model as i npu t  i n t o  the  
Langley Research Center ga lac t ic  cosmic ray t ranspor t  code. The heavy i o n  
po r t i on  o f  the t ranspor t  code can be used w i t h  any number o f  layers  o f  t a r g e t  
mater ia l ,  cons is t ing  of up t o  f i ve  d i f fe ren t  const i tuents  per layer.  The 
nucleonic po r t i on  of the t ranspor t  code can be used w i t h  any number o f  layers  
o f  t a rge t  mater ia l  o f  a r b i t r a r y  composition except hydrogen. 
ga lac t i c  cosmic ray p a r t i c l e  fluxes, doses, and dose equivalents behind 
various thicknesses of aluminum sh ie ld ing  are presented f o r  so la r  maximum and 
so 1 a r m i  n i mum per i od s . 
Calculated 
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INTRODUCTION 
As t ime progresses, there i s  an ever-widening i n t e r e s t  i n  launching a 
manned mission t o  the p lanet  Mars. 
planners i s  the  long-term r a d i a t i o n  exposure of the  crew t o  h igh l y  penetrat ing 
and damaging ga lac t i c  cosmic rays. 
present p re l im inary  estimates of r a d i a t i o n  exposure from ga lac t i c  cosmic rays 
(GCR) f o r  in te rp lanetary  missions (e.g., a Mars mission). 
both so la r  maximum and so la r  minimum periods are made using a p rev ious ly  
developed GCR t ranspor t  code (ref.  1). 
component, the t ranspor t  code i s  v a l i d  f o r  any number o f  layers  o f  t a r g e t  
mater ia l  o f  a r b i t r a r y  composition. Each laye r  can consis t  o f  up t o  f i v e  
d i f f e r e n t  cons t i tuent  materials. For the nucleonic (proton and neutron) 
component, the t ranspor t  code i s  v a l i d  f o r  any number o f  layers  o f  t a r g e t  
mater ia l  o f  a r b i t r a r y  composition, except hydrogen. This r e s t r i c t i o n  t o  non- 
hydrogenous mater ia ls  f o r  nucleonic t ranspor t  w i l l  be r e c t i f i e d  by 
incorpora t ing  the  appropriate nucleon-nucleon cross sections and spect ra l  
d i s t r i b u t i o n  databases i n t o  the t ranspor t  code. Nonetheless, the present code 
i s  usefu l  f o r  p re l im inary  exposure estimates. 
(part icles/cm2/year), doses (Rad/year), and dose equivalents (Rem/year) i n  
t issue, behind various thicknesses o f  aluminum shielding, are presented 
according t o  p a r t i c l e  composition (protons, neutrons, alphas, and HZE) and as 
LET ( l i n e a r  energy t rans fer )  spectra. 
so la r  maximum and so la r  minimum periods, use as the i n p u t  spectrum the  
ana ly t i ca l  model o f  the GCR environment promulgated by the Naval Research 
Laboratory (Ref. 2). 
A major concern t o  in te rp lanetary  mission 
The purpose o f  the present r e p o r t  i s  t o  
Calculat ions f o r  
For the HZE (high-energy heavy i on )  
I n  t h i s  report,  pre l iminary estimates o f  i n teg ra l  f luxes  
The ca lcu lat ions,  which inc lude both 
CALCULATIONAL METHODS 
The inc iden t  ga lac t i c  cosmic ray spectrum (Ref. 2 )  f o r  f r e e  space i s  
propagated through the ta rge t  mater ia l  usin: the accurate ana ly t i ca l  /numerical 
so lu t ions t o  the  t ranspor t  equation described i n  reference 1. 
accurate so lu t i on  methods have been v e r i f i e d  ( t o  w i t h i n  2 percent accuracy) by 
comparison w i t h  an exact, ana ly t i ca l  benchmark so lu t i on  t o  the i o n  t ranspor t  
equation (ref. 3 ) .  
These h igh l y  
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These t ranspor t  ca lcu la t ions  include: 
a. ICRP-26 q u a l i t y  fac to rs  ( re f .  4) .  
b. Dose cont r ibu t ions  from propagating neutrons, protons, alpha 
pa r t i c l es ,  and heavy ions (HZE pa r t i c l es ) .  
Dose cont r ibu t ions  resul  t i n g  f r o m  ta rge t  nuclear fragments produced 
by i nc iden t  neutrons and protons. 
c. 
d. Dose cont r ibu t ions  due t o  nuclear r e c o i l  i n  t issue. 
Major shortcomings o f  the ca lcu la t ions  are: 
a. 
b. 
C. 
d. 
e. 
Nucleon-hydrogen cross sections and spectral  and angular 
d i s t r i b u t i o n s  need t o  be added so as t o  enable t ranspor t  o f  nucleons 
i n  t i ssue t o  be included. 
Except f o r  t i ssue targets,  mass number 2 and 3 fragment cont r ibu t ions  
are neglected. 
Target fragmentation cont r ibu t ions  from inc ident  HZE p a r t i c l e s  are 
neglected (a1 though they are included f o r  inc ident  nucleons). 
It i s  present ly assumed t h a t  a l l  secondary p a r t i c l e s  are produced 
w i th  a v ? l o c i t y  equal t o  t h a t  of the i nc iden t  p a r t i c l e .  
produced i n  HZE p a r t i c l e  fragmentations t h i s  i s  conservative. 
For neutrons 
A q u a l i t y  f ac to r  o f  20 i s  assigned t o  a l l  t a rge t  fragments. 
improve t h i s  approximation, one needs t o  ca lcu la te  ta rge t  fragment 
spectra cor rec t ly .  
To 
4 
RESULTS 
Figure 1 displays "skin" dose equivalent (in Rendyear), as a function of 
Note 
a luminum shield thickness ( i n  units of areal density, g/cm2), for  
interplanetary missions during solar minimum and solar maximum periods. 
t h a t  the dose equivalent is  reduced appreciably by the i n i t i a l  5 g/cm2 of 
shield thickness, b u t  i s  not as dramatically affected for  greater 
thicknesses. A likely explanation for this behavior can be deduced from 
figure 2 where contributions from individual radiation field components are 
displayed. 
comes from the HZE particle component of the incident spectrum ( - 1% by 
number) and  not from the more abundan t  protons - 88 % by number). The 
i n i t i a l  dose equivalent reduction i s  the result of a significant reduction i n  
this HZE component, probably caused by the attenuation of the low-energy 
portion of the spectrum. Thereafter, the increase i n  proton and neutron 
contributions resulting from breakup (fragmentations) o f  the h i g h  energy 
por t ion  o f  the HZE spectrum mitigates this attenuation and accounts for the 
slowly decreasing dose equivalent values as the shield thickness increases. 
The actual numerical values used i n  the figures are listed i n  Table I. 
Tables I1 and 111 l i s t  values for  dose (Rad/year) and particle flux 
(particles/cm2/year) as a function of shield thickness and particle type. 
Clearly there i s  a need t o  understand and accurately model the nuclear 
fragmentation process. 
components, and structural materials may be LET-dependent, Tables IV-VI 
display values of particle f l u x ,  dose, and dose equivalent as a function of 
LET ( i n  MeV-cm*/g) a n d  aluminum shield thickness. 
solar minimum and solar maximum periods. 
integral values. 
hydrogenous target materials must be included by incorporating the appropriate 
nucleon-hydrogen cross sections and angular/spectral distributions i n t o  the 
GCR transport code. 
shields composed of water or organic composites (including polymers) can be 
evaluated. I n  add i t ion ,  more meaningful biological doses/dostl equivalents t o  
the blood-forming-organs can be estimated for radiation protection purposes. 
Note t h a t  the main contribution to the radiation dose equivalent 
Because many damage mechanisms i n  biological systems, electronic 
Values are listed for both 
All dose and flux quantities are 
To improve these estimates, the a b i l i t y  t o  transport nucleons through 
Once this has been completed, the effectiveness of 
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Recently, a fas t ,  accurate nucleon t ranspor t  code, capable of t ranspor t ing  
e i t h e r  cosmic ray spectra o r  monoenergetic i nc iden t  nucleons i n  a l l  mater ia ls,  
i nc l  udi  ng hydrogenous ones, has been devel oped. Af ter  completion o f  
va l idat ion,  t h i s  code w i l l  be jo iqed w i t h  the HZE t ranspor t  code ( re f .  1) t o  
provide a completely general, d e t m n i n i s t i c ,  accurate GCR t ranspor t  code i n  a 
single, sel f -contained package. 
CONCLUDING REMARKS 
Prel iminary estimates of rad ia t i on  exposures r e s u l t i n g  from ga lac t i c  
cosmic rays are presented for  in te rp lanetary  missions. P a r t i c l e  f lux,  dose, 
and dose equivalent values are presented, for  both so la r  maximum and minimum 
periods, as a funct ion of aluminum sh ie ld  thickness and as a func t ion  o f  
l i n e a r  energy t ransfer .  The main cont r ibu t ions  t o  the rad ia t i on  doses a r i s e  
from HZE pa r t i c l es .  As the  i nc iden t  rad ia t ions  at tenuate i n  the s h i e l d  
mater ia l ,  there i s  a s ign i f i can t  bui ldup of secondary p a r t i c l e s  r e s u l t i n g  from 
nuclear fragmentation and Coulomb d issoc ia t ion  Frocesses. A substant ia l  
f r a c t i o n  o f  these secondaries are energet ic neutrons. F ina l l y ,  add i t iona l  
improvements t o  the GCR t ranspor t  code are described. 
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Figure 1. - "Skin" dose equivalent in tissue, as a 
function o f  aluminum shield thickness, resulting 
from galactic cosmic rays. 
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Figure 2. - Composition of the radiation field, as a 'function 
of aluminum shield thickness, resulting from galactic 
cosmic rays. 
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